Public reporting burden for the collection of information is estimated to average 1 hour per response, including the time for reviewing instructions, searching existing data sources, gathering and maintaining the data needed, and completing and reviewing the collection of information. 
INTRODUCTION
Prominences are perhaps the most beautiful and dramatic manifestations of magnetic structure and activity on the Sun. Observed in emission as prominences at the limb, and in absorption as filaments against the disk, these objects appear as columns or sheets of cold, dense plasma suspended above the solar surface. The fascination of prominences, together with their role as a crucially important component of solar activity, has spawned much effort to understand their physics (e.g., Tandberg-Hanssen 1974; Priest 1988a; Ruzdjak & Tandberg-Hanssen 1990; Tandberg-Hanssen 1995; Webb, Rust, & Schmieder 1998) .
Our focus in this paper will be the magnetic field of prominences and its dynamics.
Several ubiquitous features of the prominence magnetic environment have been identified
(for recent reviews, see Demoulin 1998; Martin 1998a). Filaments always form above, and roughly aligned with, a polarity inversion line of the underlying photospheric field.
The region between the photosphere and filament is a corridor or channel largely devoid of vertical field, but with Hα fibrils lying parallel to the inversion line, suggesting a very strongly sheared magnetic field. Overlying the filament is an arcade crossing the inversion line at more nearly right angles, and so comprised of essentially current-free field. Within the prominence plasma itself, the horizontal field component orthogonal to the polarity inversion line of the underlying photospheric field usually points from the negative to the positive polarity side, in the opposite direction to a simple, potential arcade. That is, the prominence is said to exhibit inverse magnetic polarity (Leroy, Bommier, & Sahal-Bréchot 1984) .
Two other features of the magnetic fields of prominences are difficult to measure directly, but have been inferred from plasma observations. One is a dipped, or concave-up, configuration of the internal field (Kippenhahn & Schlüter 1957; Kuperus & Raadu 1974) .
This is required to provide mechanical support to the plasma against gravity, in the form model, in which the stressed field rises and increasingly strains the magnetic tethers holding it down, eventually reconnecting them below and exploding outwards (Sturrock 1989 (Sturrock , 1992 Moore & Roumeliotis 1992) . This process can take place in a simple, bipolar magnetic structure. Another is the 'break-out' model, in which the restraining arcade reconnects in the corona with an overlying arcade from a distinct flux system, thereby moving the tethering field out of the way and allowing the prominence to escape from below (Antiochos, DeVore, & Klimchuk 1999) . This process can occur only in a multipolar magnetic structure.
In this paper, we revisit the model proposed by Antiochos et al. (1994; hereafter ADK) for dipped magnetic equilibria capable of supporting prominence plasma. The parameter space they were able to investigate was limited by the numerical techniques used to obtain their force-free equilibria. Our approach is to use a time-dependent magnetohydrodynamic (MHD) model to simulate a possible dynamical scenario for prominence formation. For relatively modest deviations from an initially potential field, we recover the results of ADK: a dipped, sinuous magnetic structure exhibiting inverse polarity above the photospheric inversion line and below an arcade of essentially current-free field. At larger displacements, a two-step reconnection process is initiated which creates helical field wrapped around the dipped core of the prominence, and also skews the overlying arcade adjacent to the prominence. The resulting structure attains an apparently stable equilibrium, with substantial twist on some of its field lines. We show that our model prominence, scaled to solar parameters, has properties similar to those observed (Vrsnak et al. 1988) . Its stability also accords with Vrsnak's (1990) model for force balance in prominences, which predicts that low-lying structures are stable even if highly twisted, while taller structures are increasingly vulnerable to eruption.
MODEL
The model proposed by ADK requires a fully three-dimensional magnetic field configuration, but is intuitively quite simple. They began with a bipolar potential field, and subjected the footpoints to linear shearing displacements parallel to the polarity inversion line of the vertical field. These displacements were localized near the inversion line and changed sign across it. The initial field and the pattern of footpoint motions are illustrated in the left panels of Plate 1. As the sheared core flux was transported into regions of increasingly weak background field, it began to inflate upwards and eventually to lean over, across the polarity inversion line. The middle sections of these sheared field lines, on the other hand, were restrained from rising by the tension in the overlying, unsheared arcade. When the sheared flux had been displaced sufficiently, dipped field lines formed in the core. Because the legs at each end of the dipped lines leaned across the inversion line, the dipped portions of the field crossed the inversion line in the opposite direction from a simple, current-free arcade. That is, the transverse field within the prominence exhibited inverse polarity. The triple crossing of the inversion line also causes each dipped field line to assume an S or inverse-S shape. These features are illustrated in the right panels of Plate 1.
The magnetic and morphological properties of ADK's model prominence are all consistent with the observations cited earlier: a channel beneath the prominence that is essentially devoid of vertical flux; a nearly axial magnetic field whose horizontal component perpendicular to the inversion line has inverse polarity; a volume of dipped field to support condensed plasma against gravity; a sinuous morphology to the filament volume; and an overlying, approximately current-free arcade of coronal loops.
One ubiquitous feature of solar prominences not reproduced by their model was the presence of helical lines of force. As we shall see below, this was due solely to the limited parameter space that they were able to explore. ADK applied a relaxation technique for force-free fields to the Euler potentials representing their magnetic flux distribution (Yang, Sturrock, & Antiochos 1986) . At large displacements, however, the contours of the potentials become so distorted that it is impossible to resolve them adequately and iterate the solution to convergence on any reasonable spatial grid, and the simulation breaks down.
To simulate numerically the further development of the prominence magnetic field, we used our new, time-dependent, three-dimensional magnetohydrodynamics code FCTMHD3D. It is a three-dimensional (3D) extension of our previous MHD models, and employs similar flux-corrected transport (FCT) techniques (DeVore 1991) to advance the equations in time. FCTMHD3D was implemented on massively parallel computers to permit its use in lengthy simulations on well-resolved grids. Although the accuracy of our solutions is sensitive to the mesh size assumed, the model will not fail as increasingly fine-scale structure develops. Consequently, we have been able to extend the earlier results of ADK to much larger shearing displacements.
Our model solves the time-dependent, ideal MHD equations appropriate for the solar corona: ∂ρ ∂t + ∇·(ρv) = 0,
∂U ∂t
We are concerned here only with the development of the magnetic structure in the low-beta corona, where the atmospheric scale height is large. Thus, we have omitted gravity from the model. Furthermore, the ideal MHD equations can be made dimensionless by scaling out a mass density ρ 0 , field strength B 0 , and region size L, and appropriate combinations of those parameters for other quantities such as velocity (B 0 /ρ 1/2 0 ) and energy (B 2 0 L 3 ). We used this freedom to set the initially uniform mass density, the characteristic length, and the peak Alfvén speed of our initial state to numbers of order unity, for computational convenience.
A useful diagnostic of the calculations is the magnetic helicity,
where A is the vector potential,
and the integral is evaluated over the entire coronal volume. The helicity must be made gauge-invariant, and thereby unique, by subtracting off the helicity of a current-free field with the same distribution of vertical magnetic flux at the coronal base (Berger & Field 1984) . If the vector potential A c for that current-free field satisfies the Coulomb gauge condition (∇ · A c = 0) and has a vanishing normal component at the base (n · A c | S = 0), then the potential helicity integral vanishes and we are left with the given expression for i.e., the magnetic fields produced by these scalar and vector potentials are identical. The scalar potential φ c is evaluated as an integral over the vertical flux distribution at the base, using Green's function for Laplace's equation as the integration kernel, φ c (x, y, z) = 1 2π dx dy B z (x , y , 0)
This result is used in turn to calculate the vector potential A c at the base, z = 0. Finally, 
The helicity integral H M is then performed, completing the calculation.
RESULTS
The simulations described here were performed for an initial field comprised of a horizontal point dipole oriented along the y axis, at depth d = 2 and characteristic strength B = 4, whose scalar potential can be written φ(x, y, z) =Bd
In the half-space z ≥ 0, the resulting field reaches its maximum magnitude B max at x = z = 0, y = ±d/2 = ±1, where B max ≈ |B| = 4. The peak Alfvén speed for unit mass density is B max /(4πρ) 1/2 ≈ (4/π) 1/2 = 1.13. A uniform pressure of 1 × 10 −2 was assumed, so the minimum plasma β = 8πP/B A smooth, sinusoidal acceleration and deceleration was imposed using the temporal profile
The associated peak footpoint speed, 2δx max /τ , is attained at y = ±w/2 and t = τ /2. We used w = d/2 = 1, so that the displacement vanished at and beyond the location of peak field strength, as shown in Plate 1. Consequently, 20% of the total flux in the dipole was subjected to footpoint motions of finite amplitude.
Open boundary conditions, with zero-gradient extrapolations of all variables, were used on the four sides and the top of the domain. At the base plane, we held the mass density ρ and pressure P fixed at their initial values, set the horizontal velocities to correspond to the footpoint displacements prescribed above, and required the vertical velocity to vanish, v z = 0. The horizontal magnetic field at the base was extrapolated assuming zero gradient, as was done at the remaining five boundaries, and the vertical magnetic field evolved in response to the imposed footpoint motions.
Our computational domain extended over [-24,+24 ] in x, [-6,+6] in y, and [0, 12] in z. The nonuniform grid was stretched exponentially away from the origin, in all three directions, from cubic cells of size 2.4×10 −2 . The cells were stretched by a factor of 10 along
x and by a factor of 5.5 along y and z. About one-third of the grid points lay within [-3,+3] in x, [-1,+1] in y, and [0,2] in z. The full grid for these simulations was 500×190×190.
For comparison with the earlier results of ADK, we applied a rather modest shear to the initial field. We began with a maximum displacement δx max = 4 applied over a time τ = 25, then allowed the field to relax until time t = 70. We next applied an additional shear δx max = 2 over time τ = 12.5, and allowed the field to relax again, until time t = 120.
The results were shown in the right panel of Plate 1. We recovered all of the principal qualitative features noted in the earlier work of ADK. The core field lines in the sheared region have developed dipped central sections, where they are restrained from rising by the overlying, nearly potential-field arcade. The end sections of these sheared lines, on the other hand, have ballooned upwards substantially where the overlying coronal field is weak.
They also have leaned across the polarity inversion line of the photospheric field below, into regions of weaker coronal field. As a consequence, the dipped lines have a significant field component transverse to the inversion line, which points from the negative side to the positive side. Thus, the transverse field exhibits inverse polarity, relative to that expected in a current-free arcade. Finally, the leaning of the strongly sheared field across the inversion line produces a triple crossing by the dipped field lines. This lends an S or inverse-S shaped morphology to the core field of the filament, as is frequently observed.
Our model prominence is of the dextral type, since its axial field points to the right when viewed from the positive polarity side of the flux distribution (Martin et al. 1994) .
Repeating the experiment with the sign of the footpoint displacements reversed would produce the mirror image of our results, i.e., a sinistral prominence.
To examine the properties of more strongly sheared fields, we repeated the simulation with a maximum displacement δx max = 16 applied over a time τ = 100, both larger by factors of four than previously. The associated peak footpoint speed was unchanged.
We found that an intricate, two-step process of magnetic reconnection takes place in the sheared, dipped field of the prominence. This sequence is illustrated in Plates 2 and 3.
Illustrative field lines of the configuration at time t = 55 are shown in Plate 2. At this point, the peak displacement has reached 60% of its final value, or 9.6, compared to a total Pre-and post-reconnection field lines at time t = 75 are shown in the left and right panels, respectively, of Plate 3. The peak displacement now has reached 91% of its final dipped structure, also leaves the photosphere below the prominence dips essentially devoid of vertical field. All of these properties are consistent with those of observed prominences (Demoulin 1998; Martin 1998a) .
We now have demonstrated that the application of greater shear eventually drives reconnection in the corona, between the highly stressed core flux of the prominence and the overlying, unsheared arcade. The most important consequence of this reconnection is the production of helical field lines threading the prominence and enveloping its core field.
Such structure is ubiquitous in both pre-eruptive and eruptive prominences (Vrsnak et al. 1988 (Vrsnak et al. , 1991 Martens 1998; Dere et al. 1999) . The magnetic field at the bottom of the helical windings, where the plasma can be expected to condense, exhibits the same inverse polarity as does the dipped field at weaker shear. A second consequence of the reconnection process is the skewing of the overlying arcade. This seems to be a necessary consequence of the formation of the helical field in our model. However, a skewed arcade is not sufficient to establish that helical fields are present. By broadening and adding a slow dropoff to the imposed shear profile, we could always produce a skewed arcade over the dipped field of our model prominence.
The direction of the footpoint displacement applied in our simulations was such as to inject negative magnetic helicity into the coronal field and produce a dextral filament -the axial field of the prominence points to the right when viewed from the positive polarity side of the structure -and a left-skewed arcade. Reversing the footpoint displacement would yield the mirror image of the results shown here, i.e., a sinistral filament with a right-skewed arcade and positive magnetic helicity. The classification of filaments into dextral and sinistral types was proposed by Martin, Bilimoria, & Tracadas (1994) , and the association of left-and right-skewed arcades, respectively, with these two types was discussed by Martin
More recently, however, Martin (1998b) has suggested that the helicities of the filament and the overlying arcade are of opposite sign. Thus, the internal magnetic field of a dextral filament would be right-helical, rather than left-helical as in our model. Such a configuration is difficult to reconcile with correlated observations of disappearing filaments (disparition brusques) and interplanetary magnetic clouds (Bothmer & Schwenn 1994; Rust 1994; Bothmer & Rust 1997) . This work has shown a strong and consistent association between dextral filaments and left-handed, negative-helicity clouds, principally originating in the Sun's northern hemisphere, on the one hand, and between sinistral filaments and right-handed, positive-helicity clouds, mostly from the southern hemisphere, on the other.
The absence of multiple reversals of the out-of-ecliptic magnetic field during passage suggests that the clouds are entirely left-or right-helical, but not mixed. Martin argues that the filament itself either was never entrained or was dissipated in transit, and the cloud field is a remnant of the enclosing coronal arcade only. Our results are consistent only with the simpler picture of like helicity in the arcade and the imbedded filament.
The negative magnetic helicity of dextral filaments, which predominate in the northern hemisphere, also is consistent with the demonstrated tendency for solar differential rotation to inject negative helicity into northern-hemisphere bipolar regions (van Ballegooijen 1999; DeVore 1999) . Positive helicity is injected into bipolar regions in the southern hemisphere, where positive-helicity, sinistral filaments are more numerous. The shear required to produce our model prominence fields admittedly is much more concentrated near the polarity inversion line than is the Sun's differential rotation, which is global in scale.
However, there is observational evidence that active regions contain much more strongly sheared magnetic fields than differential rotation alone would produce (e.g., Schmieder et al. 1996) . Certainly, such sheared configurations develop very frequently on the Sun, whatever their origin in footpoint motions and/or patterns of flux emergence.
Footpoint motions play a critical role in one class of models for forming helical magnetic fields in prominences (van Ballegooijen & Martens 1989 , 1990 Ridgway & Priest 1993; Kuperus 1996; Priest et al. 1996; Galsgaard & Longbottom 1999; Amari et al. 1999 ). The convergence of sheared fields at the polarity inversion line, whether due to coherent flows or to the random shuffling of fluxtubes in the unsteady photospheric convection, produces helical structure when the fields reconnect. Our mechanism differs from these models in not requiring a convergence of flux at the photosphere, and in the reconnection process taking place in the corona. It is plausible that both mechanisms are at work simultaneously, producing helical prominence fields on the Sun.
Other models that attempt to account for helical structure in filaments rely on subsurface motions to twist the fluxtubes prior to emergence through the photosphere (Low, 1994 (Low, , 1996 Rust & Kumar 1994 , 1996 or on twisting surface motions after emergence (Amari et al. 1999 ). Such models clearly can explain certain observed properties of prominences. On the other hand, there seems to be sufficient freedom in these models to admit prominence-like configurations unlike those actually observed on the Sun. For example, although overlying arcades of current-free field can be accomodated by the models, there seems to be no essential need for them. In our scenario, in contrast, the overlying arcade is absolutely vital to the process, and the prominence cannot form without it.
Secondly, consider the relation of the prominence to the underlying photospheric inversion line. A partially emerged, twisted fluxtube could have a fully emerged, helical core -the prominence itself -suspended above and parallel to the inversion line of the photospheric field, which consists of the flux cutting through a chordal plane of the tube cross section.
This agrees with observations. When fully emerged, on the other hand, such a twisted fluxtube would have its helical core suspended above and lying orthogonal to the inversion line of the photospheric field, which now consists of the footpoints of the fluxtube field lines.
This is in conflict with observations, but evidently allowed by the models. In our scenario, the helical prominence can only extend nearly parallel to the photospheric inversion line, as observed. Thirdly, the helical fluxtube can be structured so as to exclude vertical field at the photosphere directly below the prominence. Clearly, however, it can just as easily include substantial vertical field there, which disagrees with observations. In our scenario, the prominence field is precisely the vertical field adjacent to the polarity inversion line, after it has been swept out from under the overlying arcade by the differential shear.
Consequently, the photosphere under our model prominence is always essentially devoid of vertical field, in accord with observations.
We found that our model prominence settled into an evidently MHD-stable equilibrium after the footpoint displacements were stopped, despite the very large applied shear and the substantial internal helical structure. Furthermore, when scaled to typical solar parameters for field strength and size, the properties of our model prominence were largely consistent with those of observed prominences (Vrsnak et al. 1988 ). In particular, we found a twist of about 4π radians on our most twisted field lines, similar to those reported. These results seem to be incompatible with kink-instability models for eruptive prominences, in which about 2π of twist is sufficient to launch the instability, and presumably the eruption (Rust & Kumar 1994 , 1996 Xu & Wu 1995) . On the other hand, our results are fully consistent with Vrsnak's (1990) model for prominence equilibrium and stability. Low-lying structures are stable even for very large twists; taller structures are increasingly susceptible to eruption as the electric current, and twist, increase. A sizable sample of observed quiescent and eruptive prominences has been analyzed (Vrsnak et al. 1991 ) and found to agree well with the predictions of Vrsnak's model.
These considerations suggest that our simulated prominence may be stable because it is very long for its height, relative to those observed to be prone to eruption. The tether-cutting mechanism for prominence eruption (Sturrock 1989 (Sturrock , 1992 Moore & Roumeliotis 1992) predicts that such a highly stressed bipolar structure undergoing magnetic reconnection will begin to rise and eventually erupt as the stress builds and then exceeds some critical threshold. Although our prominence field is very highly stressed and clearly has undergone substantial reconnection, no significant cutting of its magnetic tethers has taken place, and the structure apparently is stable. To induce such cutting would require us to modify the boundary conditions at the coronal base, to produce converging flows of opposite-polarity fields at the polarity inversion line. Ideally, we would like to adjust our model parameters so as to produce a much taller prominence, more like those typically observed. This might be done by increasing the width of the imposed shear profile, and thus the fraction of flux that is being sheared, thereby lowering the fraction reserved for the overlying arcade. The challenge would be to retain sufficient flux in the arcade to produce the dips and helical windings in the core field, while simultaneously reducing it enough to allow the resulting prominence to rise substantially in height. This study, which could provide truly definitive tests of both the prominence instability theory and the tether-cutting mechanism for eruption, must be left to the future. 1986, ApJ, 309, 383 This manuscript was prepared with the AAS L A T E X macros v4.0. 
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Plate 3. Views of another two groups of field lines, at time t = 75 in the simulation, are
shown. Pre-reconnection field is shown in dark and light red and green in the left panels; postreconnection field is shown in dark and light blue in the right panels. The pre-reconnection lines at the left are similar to lines produced earlier and shown at the right in Plate 2. The dark gray, dipped field line in the core of the prominence is common to all panels in this plate, as are the black isosurfaces of electric current density at 75% of maximum. This plate illustrates step two of the reconnection process. 2 is the magnetic flux in the bipole. Also, the kinetic energy has been scaled up by a factor of 10, for clarity.
